Advanced spatial-learning adaptations have been shown for migratory songbirds [1], but it is not well known how the simple genetic program encoding migratory distance and direction in young birds [2] [3] [4] translates to a navigation mechanism used by adults [2, 4-6]. A number of convenient cues are available to define latitude on the basis of geomagnetic and celestial information [7] [8] [9] [10] [11] [12] [13] [14] [15] , but very few are useful to defining longitude [12] [13] [14] [15] . To investigate the effects of displacements across longitudes on orientation, we recorded orientation of adult and juvenile migratory white-crowned sparrows, Zonotrichia leucophrys gambelii, after passive longitudinal displacements, by ship, of 266-2862 km across high-arctic North America. After eastward displacement to the magnetic North Pole and then across the 0°declination line, adults and juveniles abruptly shifted their orientation from the migratory direction to a direction that would lead back to the breeding area or to the normal migratory route, suggesting that the birds began compensating for the displacement by using geomagnetic cues alone or together with solar cues. In contrast to predictions by a simple genetic migration program, our experiments suggest that both adults and juveniles possess a navigation system based on a combination of celestial and geomagnetic information, possibly declination, to correct for eastward longitudinal displacements.
By performing repeated cage experiments under clear and simulated overcast skies with displaced songbirds, we investigated the ability of young and adult whitecrowned sparrows to use natural celestial and geomagnetic cues for orientation in high-arctic North America. At high geographic and geomagnetic latitudes, orientation by both celestial and geomagnetic cues is problematic because the midnight sun makes star navigation impossible during much of the polar summer, the geomagnetic field lines are very steep [9] , the declination (the angular difference between magnetic and geographic north) shows large variation between nearby sites ( Figure 1A Pole is gradually shifting as a result of secular variation [9] . We expected the displaced juvenile white-crowned sparrows to express a simple compass mechanism, possibly with compass calibrations, and adults were expected to show course corrections and navigation [ Under clear-sky conditions, both control and displaced white-crowned sparrows showed significant mean orientations toward east to southeast relative to geographic north at sites 1 (controls) and 2-4 (west; Figure 3 ). The mean orientation of adult birds (161°) did not differ from the expected initial great circle (GC; i.e., the shortest distance between two locations) of 135°or rhumbline (RL) routes (i.e., constant geographic course) of 151°(95% confidence interval [CI] p > 0.05, Figure 2 ) [17] , as calculated from the breeding area in Inuvik to the center of the presumed population-specific wintering area in western Texas and eastern Arizona [18] . Juvenile white-crowned sparrows in the breeding area showed more-easterly directions, significantly different from a GC route (95% CI, p < 0.05, Figure 3H ), but not from a RL route (p > 0.05), both of which lead from the site of capture to the expected wintering area. At sites 2-4, west of the magnetic North Pole, the displaced juveniles selected courses toward southeast not different from courses toward the wintering area (95% CI, p > 0.05 for both GC and RL, Figure 3I ). We found no difference in mean orientation under clear-sky conditions between the displaced white-crowned sparrows at the sites west of the magnetic North Pole (site 5) and that of birds recorded in the breeding area (adults, F 1,18 = 0.097, p > 0.05; juveniles, F 1,52 = 2.43, p > 0.05; Mardia's one-way classification test; Figure 3 ) [19] . However, at the eastern sites (6-9) the white-crowned sparrows shifted their orientation to west (adults) and northwest (juveniles) under clear-sky conditions, thereby deviating greatly from the geographic courses selected in the breeding area (adults, F 1,18 = 17.53, p < 0.001; juveniles, F 1,51 = 10.90, p < 0.005; Figure 3 ) and from those recorded at the western sites (adults, F 1,28 = 14.98, p < 0.001; juveniles, F 1,27 = 23.43, p < 0.001; Figure 3) . A similar pattern was found for adult whitecrowned sparrows under simulated overcast skies, with the mean angle of orientation shifted to the west at the eastern sites, an orientation different from that recorded at the western sites (F 1,27 = 37.19, p < 0.001, Figure 3 ). The mean orientation at eastern sites (6-9) did not differ from the westward to northwestward courses leading back to the site of capture (95% CI, p > 0.05 in all cases, Figure 3 , Table 1 ). For juvenile white-crowned sparrows at the eastern sites, the mean orientation relative to geographic north under overcast skies was nonsignificant (p = 0.13, statistics given in Figure 3L ), but the mean orientation differed from those of courses selected at the western sites (U 2 = 0.06, p < 0.05, Watson's U 2 test) [17] . There were large differences in orientation relative to magnetic north under overcast skies for both adult (F 1,27 = 28.47, p < 0.001; Figures 3F and 3G ) and juvenile white-crowned spar- Figure 3 ). Our experiments were performed before and during the early part of the natural migration period (mainly in August; the local population had left the breeding site at the beginning of September, data not shown). Therefore, the white-crowned sparrows might have performed homing orientation rather than heading toward the winter destination, or, alternatively, they might have corrected for longitudinal displacements, perhaps by using the zero declination or the vertical geomagnetic field at the magnetic North Pole as a regional signpost [8, 20] . In contrast to the expectations ([2, 4] cf. [16] ), the juvenile birds seemed to have responded to the same external information as the adults-this information was possibly the geomagnetic north's natural shift (i.e., declina- Figure 2D) . As a response to the displacement, a counterclockwise shift relative to the initial mean orientation was observed. The displaced juvenile white-crowned sparrows did not respond to the change in declination in the same way as a group of juveniles exposed to the same type of cue conflict at the control site in Inuvik (−90°shift produced by magnetic coils) [21] . The Inuvik birds exposed to the cue-conflict for only 1-2 hr simply followed the shift in magnetic direction and either recalibrated or ignored their celestial compass (or compasses).
Because the control birds tested in the breeding area did not shift their orientation over the season, the shifted mean orientation cannot be explained by whitecrowned sparrows' use of an inherited migration program set by an internal clock that triggers course shifts during migration [2] . Furthermore, both displaced juveniles and adults responded in a similar way but shifted their courses to slightly different degrees, probably responding to the same external information available during transport and at the experimental sites. A candidate parameter that expresses the most dramatic shift during the displacement and that coincided with the recorded shift in orientation is geomagnetic declination. Declination, defined by both geographic and magnetic north, varies mainly with longitude in this area [9] (Table 1, Figure 1A) , and it could in theory be used to define longitude [e.g., [22] [23] [24] [25] [26] . In contrast to determining latitude via a number of convenient cues [e.g., 10-12, 27, 28], defining one's longitude is problematic in large parts of the Earth. It took mariners in the 18th century several decades to solve this problem by using very precise chronometers and measuring sun elevation [12] . A similar mechanism has been proposed for birds, but a biological clock with the precision needed for this conceptually demanding task has not yet been described for any animal [13] . Across the North American continent, declination provides such information, varying with longitude ( Figure 1B [9, 14, 23 ]; see also [29] ). At the end of the experimental period (from site 7 and onward, except at site 8, where it was entirely overcast during the test), our white-crowned sparrows were able to use stars to define geographic north (i.e., rotation center of sky), presumably by facilitating the use of declination for navigation. Defining the exact angle of declination at high latitudes is still likely to be difficult because of the steep geomagnetic field lines (cf. [30] ) and the low variation of the sun elevation during the day in the polar summer. Our displaced white-crowned sparrows experienced a daily variation in sun elevation between 22°in the north (site 5) and 43°(site 1) or more (>45°, site 9) in the south (Table 1) , on which basis the birds were to define the rotation center of the sky. Stars are available only during a limited period in autumn before migration is initiated in the breeding area, starting in mid August. Accuracy in determining the exact declination is made more difficult by the fact that two measurements are necessary (direction of magnetic and geographic north). However, one can assume that defining a positive versus a negative declination is easier. Thus, the area close to the zero declination can, at least in theory, be used as a regional signpost defining longitude, or as the geomagnetic pole itself, possibly triggering a course shift in a way similar to that which has been observed for a horizontal magnetic field [20] .
Geomagnetic signposts that are based on angle of inclination and/or field intensity and result in shifts in orientation have been shown to be used by both birds and sea turtles migrating long distances [10, 31] Table 1) . Both adult and juvenile white-crowned sparrows in our experiments obviously responded by abruptly shifting their orientation, selecting westerly courses in the east at site 9, courses directed toward the site of capture. Thus, lack of gradual course corrections suggests that a local gradient map was not used but that cues available at more-distant sites that vary across longitudes were used. It is not clear from these experiments whether the white-crowned sparrows used true navigation via some sort of a map, at least in part based on geomagnetic information, or whether they recorded their route of transport during displacement in relation to some external information (e.g., light intensity) [33, 35] . However, before we captured them, the juvenile white-crowned sparrows had a very short time window at their disposal (1-3 weeks after fledging), presumably with very restricted movements (<1-2 km) [36] , during which they could establish any sort of local map but when they established a migratory course. The displaced white-crowned sparrows most likely used information available at the experimental site to select their courses, possibly in combination with the natural photoperiod shift caused by the longitudinal crossings. During transport, they were exposed to passive displacement onboard an icebreaker following circuitous routes at irregular speeds when breaking ice and were kept in a distorted magnetic field onboard. No solar or stellar cues were available during transport, but the birds had access to daily changes of light intensity, and they had restricted access to odors from outdoors. Each of these features represents information potentially contributing to a map sense [ 8, 13, 14, 26,  32-34] . At the tundra sites, the white-crowned sparrows could obtain natural geomagnetic and celestial information, as well as other map information, for 1-2 days. Still, our birds did not react by shifting their courses until they had passed east of the magnetic North Pole and the zero-declination line.
Our experiments show that both adult and juvenile white-crowned sparrows, common long-distance migrants, shifted their orientation in response to long-distance displacement. The results suggest that the whitecrowned sparrows possess a navigation system based on a combination of celestial and geomagnetic information, possibly declination [e.g., 26-29], to correct for longitudinal displacements. The experiments also showed that experimental birds were able to select those courses on the basis of geomagnetic information alone, despite the steep magnetic field lines experienced in high-arctic North America.
Experimental Procedures
We captured adult and juvenile white-crowned sparrows at Inuvik (site 1), northwestern Canada, at the end of the breeding period (July-August) and divided them into two groups. One group was kept in the breeding area, and the other group was transported onboard an icebreaker to unfamiliar sites along a northeasterly route to the magnetic North Pole, located on Ellef Ringnes Island (site 5), and thereafter farther toward the southeast ( Figure 1A ; see also [30] ). By performing repeated cage experiments, we recorded the birds' orientation in the breeding area (controls, site 1) and at eight experimental sites, three (2-4) west of, four (6-9) east of, and one (5) at the magnetic North Pole ( Figure 1A) . Data for each site and test, divided for age groups, are given in Table 1 . Further information on experimental procedures and expected courses are given in Figure 1 and in the Supplemental Data. 
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